



































































































































































































































































































































































































































































































































































































































































































































































































































































K	=	ln(1	+	PIOI	/2)	 	 	 (10)	
For	very	small	values	of	PIOI,	






































































































































































































1	 5B1.5R	 5	 1.5 0.123	(±	0.011) 0.998	 0.118
2	 	5B3R	 5	 3.0 0.055	(±	0.019) 0.959	 0.118
3	 	5B5R	 5	 5.0 0.039	(±	0.007) 0.943	 0.118
4	 10B1.5R	 10	 1.5 0.122	(±	0.011) 0.997	 0.118
5	 10B3R	 10	 3.0 0.115	(±	0.007) 0.998	 0.118
6	 10B5R	 10	 5.0 0.117	(±	0.007) 0.983	 0.118
7	 	20B1.5R	 20	 1.5 0.116 (±	0.007) 0.998	 0.118
8	 	20B3R	 20	 3.0 0.116	(±	0.009) 0.998	 0.118




















































































ܫܱܫ஼ሺݐሻ ൌ 	 ܫܱܫ଴ሺݐ଴ሻ expሼܭሺݐ െ ݐ଴ሻሽ		 (15A)	 		








































































































































d	lnIOIsc	/	d	lnIOIc		=	1/dJ	 	 	 (20)	 	 	




















































































































































Physical Science and Industrialism may be conceived as a pair of dancers both of whom 
know their steps and have an ear for the rhythm of the music. If the partner who has been 
leading chooses to change parts and to follow instead there is perhaps no reason to 



















































































































































































































































































Acemoglu,	 D.	 (2002).	 Directed	 Technical	 Change.	 The	Review	of	Economic	Studies,	 69(4),	
781–809.	http://doi.org/10.2307/1556722	
Arrow,	 K.	 J.	 (1962).	 The	 economic	 implications	 of	 learning	 by	 doing’.	 The	 Review	 of	
Economic	Studies,	29(3).	
Arthur,	 W.	 B.	 (2007).	 The	 structure	 of	 invention.	 Research	 Policy,	 36(2),	 274–287.	
http://doi.org/10.1016/j.respol.2006.11.005	
Arthur,	W.	B.,	&	Polak,	W.	 (2006).	 The	Evolution	 of	 Technology	with	 a	 Simple	 Computer	
Model.	Complexity,	11(5),	23–31.	http://doi.org/10.1002/cplx	
Auerswald,	 P.,	 Kau,	 S.,	 Lobo,	 H.,	 &	 Shell,	 K.	 (2000).	 The	 production	 recipes	 approach	 to	
modeling	 technological	 innovation :	 An	 application	 to	 learning	 by	 doing.	 Journal	of	
Economic	Dynamics	&	Control,	24,	389–450.	
Axtell,	 R.	 L.,	 Casstevens,	 R.,	 Hendrey,	 M.,	 Kennedy,	 W.,	 &	 Litsch,	 W.	 (2013).	 Competitive	
Innovation	 and	 the	Emergence	 of	Technological	Epochs	Classification :	 Social	 Sciences	
Short	 title :	 Competitive	 Innovation	 Author	 contributions :	 Retrieved	 from	
http://www.css.gmu.edu/~axtell/Rob/Research/Pages/Technology_files/Tech	
Epochs.pdf	
Baker,	N.R.,	Siegman	 J.,	R.	A.	H.	 (1967).	The	Effects	of	Perceived	Needs	and	Means	on	 the	







Barenblatt,	 G.	 I.	 (1996).	 Scaling,	Self‐similarity,	and	Intermediate	Asymptotics:	Dimensional	
Analysis	 and	 Intermediate	 Asymptotics.	 New	 York,	 New	 York,	 USA:	 Cambridge	
University	Press.	
Basnet,	 S.,	 &	 Magee,	 C.	 L.	 (2016).	 Dependence	 of	 technological	 improvement	 on	 artifact	
interactions.	Retrieved	from	http://arxiv.org/abs/1601.02677	
Benson,	 C.	 L.,	 &	 Magee,	 C.	 L.	 (2015a).	 Quantitative	 Determination	 of	 Technological	
Improvement	 from	 Patent	 Data.	 PloS	 One,	 (April).	
http://doi.org/DOI:10.1371/journal.pone.0121635	April	15,	2015	
Benson,	C.	L.,	&	Magee,	C.	L.	(2015b).	Technology	structural	implications	from	the	extension	
of	 a	 patent	 search	 method.	 Scientometrics,	 102(3),	 1965–1985.	
http://doi.org/10.1007/s11192‐014‐1493‐2	
Braha,	 D.,	 &	 Reich,	 Y.	 (2003).	 Topological	 structures	 for	 modeling	 engineering	 design	
processes.	 Research	 in	 Engineering	 Design,	 14(4),	 185–199.	
http://doi.org/10.1007/s00163‐003‐0035‐3	




Carter,	 C.F.	 and	Williams,	 B.R.	 (1959).	 Carter,	C.F.	and	Williams,	B.R.,	1959.	 Investment	 in	
Innovation.	(London:	Oxford	University	Press.	
Carter,	 C.F.,	Williams,	B.	 R.	 (1957).	 Industry	and	Technical	Progress:	Factors	Governing	the	
Speed	of	Application	of	Science	to	Industry.	London:	Oxford	University	Press.	
Christensen,	 B.	 T.,	 &	 Schunn,	 C.	 D.	 (2007).	 The	 relationship	 of	 analogical	 distance	 to	
analogical	function	and	preinventive	structure:	the	case	of	engineering	design.	Memory	
&	Cognition,	35(1),	29–38.	http://doi.org/10.3758/BF03195939	
Christensen,	 C.	M.,	&	Bower,	 J.	 L.	 (1996).	 Customer	Power,	 Strategic	 Investment,	 and	 the	
Failure	 of	 Leading	 Firms.	 Strategic	 Management	 Journal,	 17(3),	 197–218.	
http://doi.org/10.1002/(SICI)1097‐0266(199603)17:3<197::AID‐SMJ804>3.0.CO;2‐U	
Clement,	C.	a,	Mawby,	R.,	&	Giles,	D.	E.	(1994).	The	Effects	of	Manifest	Relational	Similarity	


















Fleming,	 L.,	 &	 Sorenson,	 O.	 (2004).	 Science	 as	 a	 map	 in	 technological	 search.	 Strategic	
Management	Journal,	25(89),	909–928.	http://doi.org/10.1002/smj.384	




and	 “Far”:	The	 Impact	 of	 Structuring	Design	Databases	 and	 the	Effect	 of	Distance	of	
Analogy	 on	 Design	 Output.	 Journal	 of	 Mechanical	 Design,	 135(2),	 021007.	
http://doi.org/10.1115/1.4023158	




Gero,	 J.	 S.,	 &	 Kannengiesser,	 U.	 (2004).	 The	 situated	 function‐behaviour‐structure	
framework.	 Design	 Studies,	 25(4),	 373–391.	
http://doi.org/10.1016/j.destud.2003.10.010	












Holyoak,	 K.	 J.,	 &	 Thagard,	 P.	 R.	 (1995).	 Mental	 Leaps:	 Analogy	 in	 Creative	 Thought.	
Cambridge,	MA:	MIT	Press.	
Hunt,	 B.	 J.	 (2010).	 Pursuing	Power	 and	 Light.	 Baltimore,	 MD:	 Johns	 Hopkins	 University	
Press.	
Klevorick,	 A.	 K.,	 Levin,	 R.	 C.,	 Nelson,	 R.	 R.,	 &	 Winter,	 S.	 G.	 (1995).	 On	 the	 sources	 and	




Application	 to	 information	 technology.	 Technological	Forecasting	and	Social	Change,	
73(9),	1061–1083.	http://doi.org/10.1016/j.techfore.2006.06.001	
Koh,	H.,	&	Magee,	C.	L.	(2008a).	A	functional	approach	for	studying	technological	progress :	
Extension	 to	 energy	 technology	☆.	 Technological	Forecasting	and	Social	Change,	 75,	
735–758.	http://doi.org/10.1016/j.techfore.2007.05.007	
Koh,	H.,	&	Magee,	C.	L.	(2008b).	A	functional	approach	for	studying	technological	progress:	




Leclercq,	 P.,	 &	 Heylighen,	 A.	 (2002).	 Analogies	 Per	 Hour.	 In	 J.	 S.	 Gero	 (Ed.),	 Artificial	
Intelligence	in	Design’02	(pp.	285–303).	Dordrecht:	Kluwar	Academic	Publishers.	




Linsey,	 J.	 S.,	 Markman,	 A.	 B.,	 &	 Wood,	 K.	 L.	 (2012).	 Design	 by	 Analogy:	 A	 Study	 of	 the	
WordTree	 Method	 for	 Problem	 Re‐Representation.	 Journal	 of	 Mechanical	 Design,	
134(4).	
Linsey,	J.	S.,	Wood,	K.	L.,	&	Markman,	A.	B.	(2008).	Modality	and	representation	in	analogy.	
Artificial	Intelligence	 for	Engineering	Design,	Analysis	and	Manufacturing,	 22,	 85–100.	
http://doi.org/10.1017/S0890060408000061	




economic	 growth.	 Technovation,	 34(11),	 663–677.	
http://doi.org/10.1016/j.technovation.2012.06.005	
Magee,	C.	L.,	Basnet,	S.,	Funk,	 J.	L.,	&	Benosn,	C.	L.	 (2014).	Quantitative	empirical	trends	in	
technical	 performance	 (No.	 ESD‐WP‐2014‐22).	 Cambridge,	 MA.	 Retrieved	 from	
http://esd.mit.edu/WPS/2014/esd‐wp‐2014‐22.pdf	
McNerney,	J.,	Farmer,	J.	D.,	Redner,	S.,	&	Trancik,	J.	E.	(2011).	Role	of	design	complexity	in	





Mokyr,	 J.	 (2002).	 The	 Gifts	 of	 Athena:	 Historical	 Origins	 of	 the	 Knowledge	 Economy.	
Princeton:	Princeton	University	Press.	
Moore,	 G.	 E.	 (1965).	 Cramming	 more	 components	 onto	 integrated	 circuits.	 Electronics,	
38(8),	1–4.	
Mowery,	D.,	&	Rosenberg,	N.	 (1979).	The	 influence	of	market	demand	upon	 innovation:	a	




Musson,	 A.	 E.,	 &	 Robinson,	 E.	 (1989).	 Science	and	Technology	in	the	Industrial	Revolution.	
Gordon	and	Breach	Science	Publishers.	
Muth,	 J.	F.	 (1986).	Search	Theory	and	 the	Manufacturing	Progress	Function.	Management	
Science,	32(8),	948–962.	http://doi.org/10.1287/mnsc.32.8.948	
Nagy,	 B.,	 Farmer,	 J.	 D.,	 Bui,	 Q.	 M.,	 &	 Trancik,	 J.	 E.	 (2013).	 Statistical	 basis	 for	 predicting	
technological	 progress.	 PloS	 One,	 8(2),	 e52669.	
http://doi.org/10.1371/journal.pone.0052669	






Nordhaus,	W.	 D.	 (1996).	 Do	 Real‐Output	 and	 Real‐Wage	Measures	 Capture	 Reality?	 The	
History	 of	 Lighting	 Suggests	 Not.	 In	 The	 Economics	 of	 New	 Goods	 (pp.	 27–70).	
Retrieved	from	http://www.nber.org/chapters/c6064.pdf	






Rosenberg,	 N.	 (1982).	 Inside	 the	Black	Box:	Technology	 and	Economics.	 Cambridge,	 MA:	
Cambridge	University	Press.	
Rosenberg,	 N.,	 &	 Birdzell,	 L.	 E.,	 J.	 (1986).	 How	 the	 West	 Grew	 Rich:	 The	 Economic	
Transformation	of	the	Industrial	World.	US:	Basic	Books.	
Ruttan,	V.	W.	(1959).	Usher	and	Schumpeter	on	Invention	,	Innovation	,	and	Technological	
Change	Author	 (	 s	 ):	 Vernon	W	 .	Ruttan	Reviewed	work	 (	 s	 ):	 Published	by :	Oxford	
University	Press.	The	Quarterley	Journal	of	Economics,	73(4),	596–606.	
Ruttan,	 V.	 W.	 (2001).	 Technology,	 Growth,	 and	 Development:	 An	 Induced	 Innovation	
Perspective.	New	York,	New	York,	USA:	Oxford	University	Press.	








Schumpeter,	 J.	 A.	 (1934).	The	Theory	of	Economic	Development.	 Cambridge,	 MA:	 Harvard	
University	Press.	
Shai,	O.,	Reich,	Y.,	&	Rubin,	D.	(2009).	Creative	conceptual	design:	Extending	the	scope	by	
infused	 design.	 CAD	 Computer	 Aided	 Design,	 41(3),	 117–135.	
http://doi.org/10.1016/j.cad.2007.11.004	









Suh,	 N.	 P.	 (2001).	Axiomatic	Design:	Advances	and	Applications	 (1st	 ed.).	 New	 York,	 New	
York,	USA:	The	Oxford	University	Press,	UK.	
Taguchi,	 G.	 (1992).	 Taguchi	 on	 Robust	 Technology	 Development:	 Bringing	 Quality	
Engineering	Upstream.	Asme	Press	Series.	
Toynbee,	A.	 J.	 (1962).	 Introduction:	The	Geneses	of	Civilizations.	 In	A	Study	of	History,	12	
Vol.	New	York,	New	York,	USA.	
Tseng,	 I.,	 Moss,	 J.,	 Cagan,	 J.,	 &	 Kotovsky,	 K.	 (2008).	 The	 role	 of	 timing	 and	 analogical	
similarity	 in	 the	stimulation	of	 idea	generation	 in	design.	Design	Studies,	29(3),	203–
221.	http://doi.org/10.1016/j.destud.2008.01.003	






Vincenti,	 W.	 (1990).	What	Engineers	Know,	and	How	They	Know	 It.	 Baltimore,	 MD:	 John	
Hopkins	University	Press.	






Whitney,	 D.	 E.	 (2004).	 Physical	 limits	 to	 modularity.	 In	MIT	Engineering	System	Division	




Yelle,	 L.	 E.	 (2007).	 The	 learning	 curve:	 historical	 review	 and	 comprehensive	 survey.	
Decision	Sciences.	
Youn,	H.,	Bettencourt,	L.	M.	a.,	Strumsky,	D.,	&	Lobo,	J.	(2014).	Invention	as	a	Combinatorial	
Process:	 Evidence	 from	 U.S.	 Patents.	 Physics	 Society,	 June,	 1–22.	 Retrieved	 from	
http://arxiv.org/abs/1406.2938v1	
	
	
	
